Rationale Androsterone [(3α,5α)-3-hydroxyandrostan-17-one; 5α,3α-A] and its 5β-epimer etiocholanolone [(3α,5β)-3-hydroxyandrostan-17-one; 5β,3α-A)], the major excreted metabolites of testosterone, are neurosteroid positive modulators of GABA A receptors. Such neurosteroids typically show enantioselectivity in which the natural form is more potent than the corresponding unnatural enantiomer. For 5α,3α-A and 5β,3α-A, the unnatural enantiomers are more potent at GABA A receptors than the natural forms. Objectives The aim of this study was to compare the anticonvulsant potencies and time courses of 5α,3α-A and 5β,3α-A with their enantiomers in mouse seizure models. Methods Steroids were administered intraperitoneally to male NIH Swiss mice 15 min (or up to 6 h in time course experiments) prior to administration of an electrical stimulus in the 6-Hz or maximal electroshock (MES) seizure tests or the convulsant pentylenetetrazol (PTZ). Results In the 6-Hz test, the ED 50 values of ent-5α,3α-A was 5.0 mg/kg whereas the value for 5α,3α-Awas 12.1 mg/kg; the corresponding values in the PTZ seizure test were 22.8 and 51.8 mg/kg. Neurosteroid GABA A receptor-positive allosteric modulators are generally weak in the MES seizure test and this was confirmed in the present study. However, the atypical relative potency relationship was maintained with ED 50 values of 140 and 223 mg/kg for ent-5α,3α-A and 5α,3α-A, respectively. Similar relationships were obtained for the 5β-isomers, except that the enantioselectivity was accentuated. In the 6-Hz and PTZ tests, the ED 50 values of ent-5β,3α-A were 11.8 and 20.4 mg/kg whereas the values for 5β,3α-A were 57.6 and 109.1 mg/kg. Protective activity in the 6-Hz test of ent-5α,3α-A persisted for somewhat longer (~5 h) than for 5α,3α-A (~4 h); protection by ent-5β,3α-A also persisted longer (~3 h) than for 5β,3α-A (~2 h). Conclusions The unnatural enantiomers of 17-keto androgen class neurosteroids have greater in vivo potency and a longer duration of action than their natural counterparts. The more prolonged duration of action of the unnatural enantiomers could reflect reduced susceptibility to metabolism. Unnatural enantiomers of androgen class neurosteroids could have therapeutic utility and may provide advantages over the corresponding natural isomers due to enhanced potency and improved pharmacokinetic characteristics.
Introduction
Certain endogenous steroid hormone metabolites are positive allosteric modulators of GABA A receptors at low concentrations and directly gate these receptors at higher concentrations (Lambert et al. 2009 ). As is the case for other agents that enhance inhibitory GABAergic function, such neurosteroids protect against seizures in diverse animal models, and there is emerging evidence that agents of this type are effective in the treatment of seizures and epilepsy in humans (Reddy and Rogawski 2012; Bialer et al. 2013 ). The anticonvulsant potency of such steroids is closely correlated with their activity at GABA A receptors (Morrow et al. 1990 ; Kokate et al. 1994) . Although the pregnanes allopregnanolone [(3α,5α )-3-hydroxypregnan-20-one)] and tetrahydrodeoxycorticosterone [(3α,5α)-3,21-dihydroxypregnan-20-one) ] were the first endogenous GABA A receptor modulatory neurosteroids to be identified (Paul and Purdy 1992) , it is now recognized that a number of structurally related endogenous steroids have similar actions on GABA A receptors. In particular, the 17-ketosteroid androsterone (5α,3α-A; Fig. 1 ) potentiates GABA A receptor responses albeit more weakly than allopregnanolone (Turner et al. 1989; Hawkinson et al. 1994; Anderson et al. 2000) , and we demonstrated that it, as well as its 5β-epimer etiocholanolone (5β,3α-A), exhibit anticonvulsant activity in animal seizure models (Kaminski et al. 2005) .
Most neurosteroids show enantioselectivity in which the natural form is more potent than the corresponding unnatural enantiomer. Notably, the enantiomers of allopregnanolone and its 5β-epimer pregnanolone are much less effective at potentiating GABA A receptor responses than the corresponding natural steroids (Wittmer et al. 1996; Covey et al. 2000; Covey 2009 ). Recently, Katona et al. (2008) made the unexpected discovery that the enantiomers of androsterone and etiocholanolone (ent-5α,3α-A and ent-5β,3α-A, respectively) are more potent than the natural steroids as (i) inhibitors of [ 35 S]TBPS binding (a functional measure GABA A receptor activity), (ii) enhancers of rat α 1 β 2 γ 2L GABA A receptor currents in Xenopus laevis oocytes, and (iii) anesthetics causing loss of righting reflex in tadpoles. As of yet, the enhanced potency of the enantiomers has not been verified in mammals. Therefore, in the present study, we examined the activity of the enantiomers in comparison with their natural counterparts in mice in several seizure models. The metabolism of neurosteroids is complex and we reasoned that the enantiomers might be less susceptible to bioinactivation or elimination than their natural counterparts. Accordingly, it was of interest to assess the time course of action of the enantiomers.
Materials and methods

Animals
Male NIH Swiss mice (22-30 g) were housed four per cage. Animals were kept in a vivarium under controlled laboratory conditions (temperature, 22-26°C; humidity, 40-50 %) with an artificial 12-h light/dark cycle and free access to food and water. Animals were allowed to acclimate to the vivarium for ≥5 days. The experiments were performed during the light phase of the light/dark cycle after a ≥30-min period of acclimation to the experimental room. Animals were maintained in facilities fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, and all studies were performed under protocols approved by the University of California, Davis, Institutional Animal Care and Use Committee in strict compliance with the Guide for the Care and Use of Laboratory Animals of the National Research Council (National Academy Press, Washington, DC; http://www.nap. edu/readingroom/books/labrats/). Mice that survived testing were euthanized with CO 2 .
Test substances and drug administration
Solutions of 5α,3α-A, 5β,3α-A (Sigma-Aldrich, St. Louis, MO, U.S.A.) and ent-5α,3α-A and ent-5β,3α-A (synthesized by K.K. in the laboratory of D.F.C.; see Katona et al. 2008) were made fresh daily in 40 % hydroxypropyl-β-cyclodextrin (Trappsol®; Cyclodextrin Technologies Development, High Springs, FL, U.S.A.) in sterile 0.9 % saline. Further dilutions were made by using sterile saline. The convulsant agent pentylenetetrazol (PTZ; Sigma-Aldrich) was dissolved in Fig. 1 Structures of the natural 17-keto androgen class neurosteroids androsterone and etiocholanolone and their unnatural enantiomers saline immediately before use. All drug solutions were administered in a volume equaling 0.01 ml/g body weight. In the PTZ, 6-Hz, and "maximal electroshock (MES) seizure tests", the steroids or vehicle were administered intraperitoneally 15 min before PTZ or electrical stimulation. The pretreatment interval was based on the time of maximal effect in the timecourse experiment in the 6-Hz model (Fig. 3) . Vehicle alone did not affect seizures in any of the models.
Six-Hertz electroshock seizure test
Testing was carried out as described previously (Kaminski et al. 2004 ). In brief, 3-s corneal stimulation (200 μs duration, 32 mA monopolar rectangular pulses at 6 Hz) was delivered by a constant-current device (ECT Unit 5780; Ugo Basile, Comerio, Italy). Ocular anesthetic (0.5 % tetracaine) was applied to the corneas 15 min before stimulation. Immediately before stimulation, the corneal electrodes were wetted with saline to provide good electrical contact. The seizures were often preceded by a period of intense locomotor agitation (wild running and jumping). The animals then exhibited a "stunned" posture associated with rearing (bipedal standing), forelimb automatic movements and clonus, twitching of the vibrissae, and Straub-tail. The duration of the seizure activity ranged from 60 to 120 s in untreated animals. Animals resumed their normal exploratory behavior after the seizure. The experimental end point was protection against the seizure: an animal was considered to be protected if it resumed its normal exploratory behavior within 10 s of stimulation.
PTZ seizure test
Testing was carried out as previously described (Kokate et al. 1994) . In brief, mice were injected subcutaneously with PTZ (80 mg/kg) and were observed for a 30-min period. Mice failing to show clonic seizures lasting >5 s were scored as protected. Table 1 ED 50 values of androsterone (5α,3α-A), ent-androsterone (ent-5α,3α-A), etiocholanolone (5β,3α-A), and ent-etiocholanolone (ent-5β,3α-A) for protection in the 6-Hz electrical stimulation, pentylenetetrazol (PTZ), and maximal electroshock (MES) seizure tests in mice Animals were subjected to a 0.2-s, 60-Hz electrical stimulus through corneal electrodes (as described earlier). The electroshock unit was adjusted to deliver a constant current of 50 mA. Animals failing to show tonic hindlimb extension were scored as protected (Kokate et al. 1994 ).
Motor toxicity test
Steroids were evaluated for motor toxicity by using a modification of the horizontal screen test as described previously (Kokate et al. 1994 ). Mice were placed on a horizontally oriented grid (consisting of parallel 1.5-mm-diameter rods situated 1 cm apart) and the grid was inverted. Animals that fell from the grid within 10 s were scored as impaired.
Data analysis
To construct dose-response curves, steroids were tested at several doses spanning the dose producing 50 % protection (ED 50 ) or motor impairment (TD 50 ). ED 50 and TD 50 values and their corresponding 95 % confidence limits were determined by log-probit analysis using the Litchfield and Wilcoxon method (PHARM/PCS Version 4.2; MicroComputer Specialists, Philadelphia, PA, USA). The protective index (PI), a measure of relative toxicity, was calculated as the ratio TD 50 /ED 50 . Half-time (t ½ ) was estimated by nonlinear single-exponential fits to the falling phase of the time-course data. The eudismic ratio was taken as the ratio of the ED 50 or TD 50 values of the less active enantiomer (distomer) to that of the more potent enantiomer (eutomer).
Results
Six-Hertz test
In confirmation of our previous study (Kaminski et al. 2005) , we found that pretreatment with 5α,3α-A conferred protection in the 6-Hz test in a dose-dependent fashion (Fig. 2a) . Ent-5α,3α-A also conferred protection in a dose-dependent fashion, but was somewhat more potent ( Fig. 2a and Table 1) . Similarly, 5β,3α-Awas effective in the 6-Hz test, but modestly less potent than its epimer 5α,3α-A (Fig. 2b) . The enantiomer ent-5β,3α-A was more potent than its natural counterpart. We used the 6-Hz test to assess the time course of action of the steroids. As shown in Fig. 3a , 5α,3α-A (100 mg/kg) conferred seizure protection in all animals at 5 min, the earliest time point tested, and substantial protection up to 45 min; protection dropped over the next 135 min and was no longer evident at 240 min. A lower dose of ent-5α,3α-A (30 mg/kg) was used to achieve a similar degree of peak seizure protection. At this dose, nearly complete protection was achieved at time points up to 30 min. Protection then dropped at successive time points but protection was still evident at 300 min. Thus, the tail of the response to the enantiomer was more prolonged than that of its natural counterpart even though a substantially lower dose was used. The fraction of animals protected at time points ≥2 h by ent-5α,3α-A was significantly greater than those protected by 5α,3α-A (p= 0.048 by Fisher's exact test). The t ½ values for 5α,3α-A and ent-5α,3α-A were 67.1 ± 10.0 min and 80.6 ± 13.9 min, respectively. Figure 3b shows time course results with various doses of the epimer 5β,3α-A. The higher doses (150 and 125 mg/kg) Fig. 3 a Time course for protection by 5α,3α-A and ent-5α,3α-A at doses of 100 and 30 mg/kg, respectively, in the 6-Hz (32 mA, 3 s) seizure test. The interval between the steroid injection and the electrical stimulus is plotted on the abscissa and the percentage of animals protected against seizures is plotted on the ordinate. b Time course for protection by 5β,3α-A at a doses of 150, 125, and 100 mg/kg and ent-5β,3α-A at a dose of 30 mg/kg in the 6-Hz test. Each point represents at least eight mice. Curves are arbitrary fits to the data; the curve representing 5β,3α-A is to the 100 mg/kg group produced substantial protection up to 45 min: the highest dose conferred full protection from 10 to 45 min, whereas the 125 mg/kg was modestly less effective, peaking at 94 % at 15 min. Seizure protection with the lowest dose (100 mg/kg) also peaked at 15 min but the maximum protection achieved was only 75 %. A lower dose of ent-5β,3α-A (30 mg) chosen to just achieve full seizure protection exhibited 100 % protection at 10 min. Seizure protection then fell progressively but was still evident at 180 min. Therefore, ent-5β,3α-A even at the substantially lower dose had a slightly more prolonged duration of action although the difference did not reach statistical significance. The t ½ values for 5α,3α-A (125 mg/kg) and ent-5α,3α-A were 55.0 ± 11.7 and 72.4±46.2 min, respectively.
PTZ seizure test
As in our earlier study (Kaminski et al. 2005 ), 5α,3α-A and 5β,3α-A conferred protection in the PTZ seizure test in a dose-dependent fashion (Fig. 4) . The enantiomers also conferred dose-dependent protection but were considerably more potent ( Fig. 4; Table 1 ).
MES seizure test
GABA A receptor active neurosteroids generally have low potency in the MES test (Kokate et al. 1994 ). The 17-ketosteroids are no different in this regard (Kaminski et al. 2005) . As was the case in the other seizure models, the enantiomers were more potent than their natural counterparts in the MES test ( Fig. 5 ; Table 1 ).
Motor toxicity
All of the steroids caused motor impairment in the horizontal screen test (Table 1) . As in the seizure tests, the enantiomers were more potent than their corresponding natural analogs for inducing positive effects in the horizontal screen test. Doses causing motor impairment were greater than those effective in the 6-Hz and PTZ tests but lower than those effective the MES test. We calculated the "protective index" (PI=TD 50 /ED 50 ) as a measure of the separation between the dose protecting against seizures and the toxic dose. For each natural steroid and its enantiomer, the PI values in the various models were similar.
Discussion
The 17-ketosteroids androsterone (5α,3α-A) and its 5β-epimer etiocholanolone (5β,3α-A), the major excreted metabolites of testosterone, are weak positive modulators of GABA A receptors. In contrast to other A-ring reduced steroids with GABA A receptor modulatory activity, Katona et al. (2008) reported that the enantiomers ent-5α,3α-A and ent-5β,3α-A were more potent than their natural counterparts as functional modulators of GABA A receptors and also as anesthetics in X. laevis tadpoles. A recent study indicated that GABA A receptor modulation by the ent-forms occurs at the same interaction site in the transmembrane domain of the α-subunit where the natural steroids act (Hosie et al. 2009; Krishnan et al. 2012) . Interestingly, the ent-steroids appear to bind co-planar in a "flipped" orientation relative to their natural counterparts, with the hydroxy groups at position 3 in both molecules (which are critical for activity at GABA A Fig. 4 a Dose-response relationship for protective activity of 5α,3α-A and ent-5α,3α-A in the pentylenetetrazol (PTZ) test. Steroids were administered 15 min before injection of PTZ. Data points indicate percentage of animals protected against clonic seizures. Each point represents eight mice. b Dose-response relationship for protective activity of 5β,3α-A and ent-5β,3α-A in the PTZ test. Each point represents eight to ten mice receptors) situated so that they can interact with the same site on the protein receptor.
We now confirm the atypical potency relationship between the enantiomers of the androsterone epimers and their natural counterparts. We used the 6-Hz test and the PTZ seizure test, which are sensitive to GABA A receptor positive modulatory neurosteroids (Kokate et al. 1994; Kaminski et al. 2004 ). In addition, we used the MES test, which is a widely used and well-accepted model to identify antiseizure agents (Krall et al. 1978) . In the three mouse seizure models and in a test of motor impairment, which reflects sedation or muscle relaxation, the unnatural enantiomers were more potent than their natural counterparts. The eudismic ratio, a measure of the degree of enantioselectivity in the specific test (Lehmann et al. 1976) , ranged from 1.6 to 5.3 (Table 2 ). As previously reported for the androgen-derived A-ring reduced steroids (Kaminski et al. 2005) and also for other structurally related steroids (Kokate et al. 1994 ) with GABA A receptor activity, the α-orientation of the 5-H is generally preferred to the β-orientation, but only modestly so. This relationship is less clear for the enantiomers. While ent-5α,3α-A was possibly slightly more potent than ent-5β,3α-A in the tadpole assay and in the 6-Hz test, this was not the case for the other tests. A relationship of note that is similar in the present study in mice to that of the previous work in vitro and in tadpoles is that the enantioselectivity of the 5β-enantiomers exceeds that of the 5α-enantiomers. Thus, in all four tests, the eudismic ratio of the 5β-enantiomers is greater than that of the 5α-enantiomers ( Table 2 ), suggesting that ent-5β,3α-A has higher complementarity to its receptor target than does ent-5α,3α-A.
The correspondence in the structure-activity relationships (SAR) observed in the present study and the SAR in the prior study of functional effects on GABA A receptors in vitro (Katona et al. 2008 ) is consistent with the conclusion that the steroids exert their protective activity in the seizure and motor toxicity tests through effects on GABA A receptors. Prior SAR studies have similarly found that the relative potency ranking of GABA A receptor modulating neurosteroids in the PTZ and 6-Hz tests is closely related to their potencies as GABA A receptor modulators assessed by patch clamp recording in vitro (Kokate et al. 1994; Kaminski et al. 2004 Kaminski et al. , 2005 . The results of the present study bolster the conclusion that the anticonvulsant and sedative actions of GABA A receptor modulatory neurosteroids and their analogs occur through effects on GABA A receptors.
While the natural 17-ketosteroids are generally weaker than other GABA A receptor modulatory neurosteroids in in vivo seizure tests, the unnatural enantiomers had potencies comparable to the most potent known neurosteroids, including allopregnanolone and its synthetic 3β-methyl analog ganaxolone, which is in clinical development for the treatment of epilepsy (Kaminski et al. 2005; Bialer et al. 2013 ). In the 6-Hz test, ent-5α,3α-A was slightly more potent than Kaminski et al. 2004) , whereas in the PTZ test, ent-5α,3α was modestly weaker than either ganaxolone or allopregnanolone (Reddy and Rogawski 2000; Kokate et al. 1994 ). In general, GABA A receptor modulating neurosteroids have been found to exhibit similar potencies in the 6-Hz and PTZ tests (Kaminski et al. 2004) . The reason for the relatively weaker activity in the PTZ test compared with the 6-Hz test in the present study is not apparent. A particularly interesting outcome of the present study is the observation that the ent-forms were more potent in the MES test than their natural counterparts despite the fact that all steroids tested in this model were relatively weakly active. In the past, we have obtained results suggesting that the weak activity of certain GABA A receptor modulating neurosteroids in the MES test could be due to off-target pharmacological effects distinct from their actions on GABA A receptors (Kokate et al. 1999; Reddy and Rogawski 2002) . Agents with protective activity in the MES test often modulate voltagegated sodium channels raising the possibility that they or another MES-relevant target could play a role. However, the corresponding enantioselectivity of the 17-ketosteroids in the MES test and for functional effects on GABA A receptors strongly suggests that for these steroids GABA A receptors are the relevant molecular target conferring activity in the MES test. This conclusion is likely generalizable to other GABA A modulatory neurosteroids, supporting the view that protective activity in the MES test, albeit weak, is truly due to effects on GABA A receptors.
An important characteristic of the ent-forms is that equieffective doses had more prolonged durations of action than their natural counterparts. All of the steroids exhibited peak responses from 5 to 15 min after administration. However, the durations of action differed. Thus, ent-5α,3α-A at a dose (30 mg/kg) that produced full protection in the 6-Hz test exhibited some degree of protection for about~5 h (t ½ , 80.6 min) whereas 5α,3α-A at a dose (100 mg/kg) that exhibited similar peak protective activity conferred protection for only~3 h (t ½ , 67.1 min) (see also Kaminski et al. 2005) . Similarly, ent-5β,3α-A had protective activity that persisted about~3 h (t ½ , 72.4 min) whereas for 5β,3α-A protection persisted~2 h (t ½ , 55.0 min for 125 mg/kg group). The natural forms of the 17-ketosteroids exhibit a duration of action comparable to other structurally similar neurosteroids such as allopregnanolone and tetrahydrodeoxycorticosterone (Kokate et al. 1994; Reddy and Rogawski 2002; Kaminski et al. 2005) . We speculate that the more prolonged duration of action of the unnatural enantiomers reflects their reduced susceptibility to metabolism by steroid metabolic enzymes. Alternatively, the prolonged duration of action could be due to differences in distribution or elimination or to conversion of the longer acting steroids into active metabolites.
All steroids evaluated in the present study produced motor impairment at doses that were greater than those conferring seizure protection in the 6-Hz and PTZ tests but at lower doses than were effective in the MES test. The PI values reported in Table 1 provide a measure of the separation between the doses conferring therapeutic efficacy and adverse effects. The PI values of the 17-ketosteroids and their enantiomers are comparable to those obtained with other steroids acting on the GABA A receptor such as the pregnane steroids allopregnanolone and tetrahydrodeoxycorticosterone and their 5β-epimers (Kokate et al. 1994 ). In our prior study, the 5α-pregnane steroids had modestly greater PI values than their 5β-epimers. A similar situation applies for the 17-ketosteroids. It is noteworthy that despite the enhanced potency of the ent-steroids, they do not provide an improvement in PI. The PI values for both natural steroids are similar to those of the corresponding enantiomer.
In conclusion, the present study confirms the greater potency of the unnatural enantiomers of 17-keto androgen class neurosteroids in several in vivo mouse models. We have found that in addition to greater potency, the eutomers have more prolonged durations of action likely as a result of greater metabolic stability. Unnatural enantiomers of such steroids could have therapeutic utility and may provide advantages over the corresponding natural isomers due to enhanced potency and improved pharmacokinetic characteristics.
